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Abstract 
The strain-hardening behavior and microstructural development of polycrystalline 
as-cast Mg-Zn-Y alloys with various volume fractions of the long-period stacking 
ordered (LPSO) phase subjected to cyclic loading were experimentally evaluated.  For 
all alloys, cyclic loading tests with a constant strain amplitude of 0.5% for up to 100 
cycles showed asymmetric cyclic hardening behavior.  That is, the absolute value of 
the compressive peak stress significantly increased during cyclic loading while the 
tensile peak stress slightly decreased.  With increasing volume fraction of the LPSO 
phase, the stress amplitude significantly increased.  Cyclic loading tests after 
compressive preloading up to 200 or 250 MPa resulted in a significant increase in the 
stress amplitude, while a number of kink bands developed during preloading.  For the 
cyclic hardening behavior, the contribution of the increase in kinematic hardening was 
significant in the alloys with a higher volume fraction of the LPSO phase.  
Transmission electron microscopy observation of the cyclically deformed Mg85Zn6Y9 
alloy indicated the formation of a deformation-induced band, where the crystal structure 
was transformed from 18R-LPSO to hcp-Mg with the exclusion of solute elements.   
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1. Introduction 
Magnesium (Mg) alloy, the lightest structural metal, has great potential for the weight 
reduction of various mechanical products.  In particular, the wide range of applications 
to transportation could reduce the emission of greenhouse gases and the consumption of 
fossil resources through improved fuel efficiency.  Pure Mg does not have sufficient 
strength for use as structural components in most applications, hence a number of Mg 
alloys have been developed.  In 2001, Kawamura et al. [1] developed a Mg97Zn1Y2 
rapidly solidified powder metallurgy (RS P/M) alloy, which showed extremely high 
tensile yield strength of more than 600 MPa and reasonable ductility.  More recently, in 
addition to RS P/M alloys, several wrought Mg-Zn-Y alloys have been developed by 
conventional thermo-mechanical treatments such as extrusion and rolling [2-9].  These 
excellent mechanical properties appear to originate from grain refinement and the 
formation of a long-period stacking ordered (LPSO) phase [10-13].  High-resolution 
transmission electron microscopy (TEM) and high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) observations have revealed that the 
18R-LPSO phase in Mg-Zn-Y alloys is formed by stacking structural blocks, each of 
which consists of six close-packed atomic planes.  In each of the structural blocks, 
enrichment with Zn and Y atoms occurs in four consecutive planes of the six atomic 
planes of the structural block, and the in-plane long-range ordering of Zn and Y atoms 
occurs in the solute-enriched quadruple atomic layers, so as to locally and periodically 
form Zn6Y8 clusters with the L12-type atomic arrangement [14].  This unique atomic 
arrangement and the characteristic segregation of Y and Zn atoms to specific layers 
result in strong anisotropic plasticity of the LPSO phase.  Therefore, considerable 
attention has been paid to the LPSO phase as an alloy-strengthening component.  
Among various LPSO-type Mg alloys that have been developed during the last 15 years 
[15-18], Mg-Zn-Y alloys have attracted particular attention because of their good 
balance of mechanical properties [2-9].  A number of studies on Mg-Zn-Y alloys have 
clarified the reasons for the excellent mechanical properties of Mg-Zn-Y alloys.  In a 
series of experimental studies on directionally solidified (DS) crystals of Mg12ZnY, 
Hagihara et al. [19-21] estimated critical resolved shear stresses (CRSSs) for basal and 
non-basal slip systems at room temperature and high temperatures as well as the 
microstructure development during plastic deformation in the LPSO structure.  Mine et 
al. [22, 23] performed mechanical tests using microsize single crystal specimens to 
observe the microfracture behavior and estimate the CRSS for the basal slip system and 
the cleavage stress for the prismatic plane.  On the basis of detailed observations of the 
microstructure, the strengthening mechanism [24] and deformation mechanism [25] 
have also been discussed.  Moreover, from the viewpoint of fundamental mechanics, a 
molecular dynamics study on the deformation behavior of the LPSO structure has been 
reported [26, 27].   
While the experimental results for single crystals and DS crystals have provided the 
insights into the deformation mechanism of Mg-Zn-Y alloys, the effects of grain 
boundaries with random orientation relationships cannot been included.  On the other 
hand, the deformation behavior of wrought alloys includes a number of effects due to 
the deformation-induced microstructure such as grain refinement, texture development, 
and the formation of intragranular misorientations including kink bands.  To 
understand the strain-hardening behavior of polycrystalline alloys and develop the 
constitutive models, the deformation behavior of as-cast alloys should be investigated in 
detail.  However, the number of studies on cast Mg-Zn-Y alloys is still limited [24, 28, 
29].   
The present study aims to gain a fundamental understanding of the strain-hardening 
behavior of polycrystalline as-cast Mg-Zn-Y alloys with various volume fractions of the 
LPSO phase.  To achieve large accumulated plastic strain, tension-compression cyclic 
loading tests with a constant total strain amplitude at room temperature were performed 
on as-cast Mg-Zn-Y alloys with various volume fractions of the LPSO phase.  
Whereas the cyclic loading behavior of Mg99.2Zn0.2Y0.6 and Mg97Zn1Y2 extruded alloys 
has been reported by Hagihara et al. [30], the cyclic hardening behavior of as-cast alloys 
has not yet been reported.  Furthermore, the effect of the LPSO phase on the 
strain-hardening behavior is discussed, on the basis of comparisons of experimental 
results for alloys with different volume fractions of the LPSO phase.  The 
microstructure development due to cyclic loading in the LPSO phase is also observed 
by scanning electron microscope with electron backscattered diffraction analysis 
(SEM/EBSD) and TEM.   
 
2. Experimental procedure 
2.1 Materials 
Mg-Zn-Y cast alloys were prepared by the high-frequency induction melting of pure 
Mg (99.99 wt.%), Zn (99.99 wt.%), and Y (99.9 wt.%) in a carbon crucible under an 
argon atmosphere.  Figure 1 shows scanning electron microscope back scattered 
electron (SEM-BSE) images of the microstructure of the as-cast Mg99.2Zn0.2Y0.6, 
Mg97Zn1Y2, Mg94Zn2Y4, Mg92Zn3Y5, Mg89Zn4Y7, Mg87Zn5Y8, and Mg85Zn6Y9 alloys.  
Seven alloy compositions; namely, Figs.1 (a) Mg99.2Zn0.2Y0.6, (b) Mg97Zn1Y2, (c) 
Mg94Zn2Y4, (d) Mg92Zn3Y5, (e) Mg89Zn4Y7, (f) Mg87Zn5Y8, and (g) Mg85Zn6Y9 (at. %) 
were selected in this study, because these compositions are plotted in the region of 
two-phase equilibrium of  and LPSO phase in the Mg-Zn-Y ternary diagram, as shown 
in Fig. 1(h).  In these SEM-BSE images, darker and brighter contrasts are correspond 
to -Mg matrix and LPSO phases, respectively.  The volume fraction of LPSO phase, 
Vf
LPSO
, increases with increasing solute element contents without formation of other 
secondary phases; the Vf
LPSO
 in the as-cast Mg99.2Zn0.2Y0.6, Mg97Zn1Y2, Mg94Zn2Y4, 
Mg92Zn3Y5, Mg89Zn4Y7, Mg87Zn5Y8, and Mg85Zn6Y9 alloys are estimated to be ~0%, 
~25%, ~40%, ~60%, ~85%, ~95%, and ~100%, respectively.  The as-cast alloys were 
machined into specimens with a gage length of 6 mm and a gage diameter of 4 mm as 
shown in Fig. 2(a).  Only for Mg99.2Zn0.2Y0.6 (Vf
LPSO
 = 0%), a specimen with a gage 
length of 9 mm and a gage diameter of 6 mm as shown in Fig. 2(b) was used to avoid 
the variation of the deformation behavior caused by the small number of grains within 
the cross-section of the specimen because the grain size of Mg99.2Zn0.2Y0.6 (Vf
LPSO
 = 
0%) was coarser than that of other alloys.   
 2.2 Uniaxial tension-compression cyclic loading tests 
2.2.1 Cyclic loading tests of as-cast alloys 
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Fig. 2 Geometry of specimens with (a) gage diameter of 4mm and (b) gage diameter of 6 mm.
Tension-compression cyclic loading tests with a constant total strain amplitude were 
carried out using a hydraulic servo-controlled testing machine (Shimadzu Servopulser 
EHF-EM100k1).  The strain was measured by strain gages (KYOWA Electronic 
Instruments KFEM).  The cyclic loading tests were conducted for 100 cycles with a 
constant total strain amplitude of ±0.5% under a constant strain rate of 0.01%/s at room 
temperature.  These conditions were selected based on the results of the preliminary 
tests which showed fracture in the early stage of cyclic loading (initial monotonic 
loading or less than 10 cycles) when the strain amplitudes are larger than ±0.5%.  To 
achieve large accumulated plastic strain, the cyclic loading for 100 cycles with the strain 
amplitude of ±0.5% was performed.  The preliminary tests also showed that the 
influence of strain rate on cyclic hardening behavior at room temperature is negligibly 
small.  Therefore, in this study, a strain rate of 0.01 %/s was selected with the aim of 
accurate strain control to evaluate strain-hardening behavior.   
 
2.2.2 Cyclic loading tests after preloading 
To confirm the effects of compressive preloading on cyclic deformation in the LPSO 
phase, cyclic loading tests after compression up to 200 or 250 MPa were performed on 
Mg85Zn6Y9 (Vf
LPSO
 = 100%).  The compressive preloading was applied under a 
constant stress rate of 10 MPa/s.  The subsequent cyclic loading tests were carried out 
under the same conditions as those for the cyclic loading of as-cast alloys as described 
in section 2.2.1.   
 
2.3 Observation of microstructure development 
To evaluate the microstructure development of the LPSO phase during cyclic loading, 
the microstructures of specimens of Mg85Zn6Y9 (Vf
LPSO
 = 100%) before and after cyclic 
loading were observed using electron microscopes.  The development of intragranular 
misorientations was evaluated by EBSD analysis with an orientation imaging 
microscopy (OIM: TSL solutions K.K. OIM Data Collection and Analysis Ver. 6.1.3) 
attached on a SEM (JEOL 7001FTY).  OIM scans were performed using a step size of 
0.7 m. Microstructures and solute atom concentrations were examined using a TEM 
(JEOL JEM-2100F) equipped with a scanning unit and an energy-dispersive X-ray 
spectroscopy (EDS) detector.  All the samples used in the observations were obtained 
from the gauge sections of the specimens.  For the SEM/EBSD samples, the 
observation surface was polished using a cross-section polisher (JEOL Cross Section 
Polisher SM-09010).  TEM samples were polished using an ion-milling machine 
(Gatan PIPS M-691).   
 
3. Experimental results 
3.1 Cyclic loading behavior of as-cast alloys 
Figure 3 shows hysteresis loops (stress-strain curves) during cyclic loading.  Fig. 
3(a) shows the hysteresis loops of Mg99.2Zn0.2Y0.6 (Vf
LPSO
 = 0%) at the 1
st
 and 100
th
 
cycles.  The comparison of the loops indicates that the absolute value of the 
compressive peak stress increases while the tensile peak stress decreases.  (Hereafter, 
the increase in the absolute value of the peak stress is referred to as cyclic hardening.)  
Fig. 3(b) shows the hysteresis loops of Mg94Zn2Y4 (Vf
LPSO
 = 40%) at the 1
st
 and 100
th
 
cycles.  Similar to the result for Mg99.2Zn0.2Y0.6 (Vf
LPSO
 = 0%) in Fig. 3(a), the 
comparison of the hysteresis loops indicates cyclic hardening at the compressive peak 
stress and cyclic softening at the tensile peak stress.  This trend of the cyclic hardening 
behavior is similar to that observed in the other two-phase alloys, which are Mg97Zn1Y2 
(Vf
LPSO
 = 25%), Mg92Zn3Y5 (Vf
LPSO
 = 60%), Mg89Zn4Y7 (Vf
LPSO
 = 85%), and 
Mg87Zn5Y8 (Vf
LPSO
 = 95%).  Fig. 3(c) shows the hysteresis loops of Mg85Zn6Y9 
(Vf
LPSO
 = 100%) at the 1
st
 and 100
th
 cycles.  The comparison of the loops indicates 
significant cyclic hardening in the compressive peak stress and slight cyclic hardening 
in the tensile peak stress.  While asymmetric cyclic hardening has been reported for a 
number of materials including aluminum alloys [31, 32] and magnesium alloys [33], the 
asymmetry in the present results is particularly significant.   
  Fig. 4(a) shows the relationships between the tensile and compressive peak stresses, 
σtens and σcomp, and the number of cycles, N, for each alloy.  Throughout the cyclic 
loading, the stresses of Mg99.2Zn0.2Y0.6 were much lower than those of the other alloys, 
which implies that the LPSO phase contributes to higher flow stress even in the cast 
alloys.  However, as shown in Fig. 4(a), the transitions of the stresses of the other 
alloys are complicated.  While the overall trend is that both the tensile and 
compressive peak stresses tend to decrease during cyclic loading, the transitions of the 
tensile and compressive peak stresses are quantitatively different.  Furthermore, the 
peak stresses do not simply increase with the increasing volume fraction of the LPSO 
phase.  Here, therefore, the contribution of LPSO phase on cyclic hardening behavior 
is evaluated in terms of the stress amplitude which is defined by σamp = σtens - σcomp.  
Figure 4(b) shows the changes in the stress amplitude Δσamp during cyclic loading.  In 
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Fig. 3 Stress-strain curves of (a) Mg99.2Zn0.2Y0.6, (b) Mg94Zn2Y4 and (c) Mg85Zn6Y9 at 1
st and
100th cycles obtained by cyclic loading.
Fig. 4(b), the stress amplitude increases with the volume fraction of the LPSO phase in 
the alloys containing 60% or more of the LPSO phase, whereas the differences between 
the alloys with 40% or less of the LPSO phase are negligible.  This trend clearly 
indicates that the LPSO phase contributes to significant cyclic hardening, whereas the 
contribution of the α-Mg phase to cyclic hardening is relatively small.   
  From the comparisons between cyclic deformation behavior of as-cast alloys and that 
of wrought alloys reported by Hagihara et al. [30], the significant difference between 
as-cast alloys and wrought alloys for Mg99.2Zn0.2Y0.6 and Mg97Zn1Y2 can be found as 
follows.  First, during cyclic loading, as-cast alloys showed a continuous changes in 
the stresses, on the other hand, wrought alloys in the previous report showed almost 
constant stress values after rapid changes in stresses until less than 10 cycles.  
Secondly, cyclic softening at tensile peak was not found in wrought alloys.  These 
differences could be caused by the saturation of strain hardening during metal forming 
processes.   
 
3.2 Influence of compressive preloading on cyclic hardening behavior 
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Fig. 4 Cyclic hardening behavior: (a) transitions of peak stress, (b) changes in stress amplitude.
The effect of compressive preloading on the cyclic hardening behavior is evaluated 
for Mg85Zn6Y9 (Vf
LPSO
 = 100%).  As a result of compressive preloadings up to 200 and 
250 MPa, plastic strains of 2.3 and 5.9% were applied to the specimens, respectively.  
Figure 5(a) shows a comparison of the relationships between the stress and relative 
strain curves at the 1
st
 and 100
th
 cycles for the as-cast sample and the samples after 
preloading.  Here, the origin of the relative strain is defined as the strain at which the 
compressive preload is unloaded.  In Fig. 5(a), the compressive peak stress 
significantly increases with increasing amount of preloading.  Figure 5(b) shows 
changes in the peak stresses (σtens and σcomp) and stress amplitude σamp.  While both the 
tensile and compressive peak stresses decrease as a result of compressive preloading, 
the stress amplitude significantly increases with compressive preloading.  The changes 
in the peak stresses and stress amplitude are similar for the as-cast and preloaded 
samples.   
 
3.3 Microstructure development during cyclic loading 
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Fig. 5 Influence of compressive preloading on cyclic hardening behavior in Mg85Zn6Y9 :
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Figure 6 shows distributions of the kernel average misorientation (KAM) calculated 
for individual LPSO-phase grains in Mg85Zn6Y9 (Vf
LPSO
 = 100%).  In this study, the 
average misorientations of each measurement point compared with all of its third 
neighbors (step size was 0.7 m) are calculated.  It was found that the KAM values 
obtained in this study fell within a maximum value of 5
o
, as shown in Fig. 6.  Figs. 
6(a) and (b) show the distributions before and after cyclic loading of 100 cycles, 
respectively.  Figs. 6(c) and (d) show the effect of compressive preloading to 250 MPa 
on the distributions.  Comparisons between the distributions before and after cyclic 
loading indicate no significant differences, although a number of clear intragranular 
misorientations can be observed in Figs. 6(c) and (d).  Most of these misorientations 
correspond to kink bands, which are frequently observed in deformed crystals with 
strong plastic anisotropy [20, 24-26].  Actually, the lattice rotation axes of these 
misorientations correspond to the Taylor axes for the 18R-LPSO phase reported by 
Yamasaki et al. [34].  These comparisons indicate that the effect of cyclic loading on 
the development of the crystal orientation is much less than that of compressive 
preloading in the present case, even though the increase in the stress amplitude due to 
cyclic loading of up to 100 cycles is comparable to that due to compressive preloading 
up to 250 MPa in Mg85Zn6Y9 as shown in Figs. 3-5.   
Figures 7(a) and (b) show typical dark-field images of Mg85Zn6Y9 (Vf
LPSO
 = 100%) 
after 100 cycles taken under two-beam diffraction conditions with g = 11-20 and 00018, 
respectively.  Here, the Miller-Bravais indices for the 18R structure are based on the 
Mg-rich hcp structure layers in the 18R-LPSO phase.  The observed beam direction 
was nearly parallel to <10-10>.  As shown in Fig. 7(a), when observed with g = 11-20, 
many straight dislocations aligned parallel to the (0001) were confirmed, and a few 
bowing dislocations, which are rarely observed at low temperatures [20, 21], were 
confirmed as well.  The contrasts of all these dislocations are invisible when observed 
with g = 00018 as shown in Fig. 7(b).  This indicates that the observed basal and 
non-basal dislocations do not have a c-component in their Burgers vectors.  Therefore, 
these straight and bowing dislocations are basal <a> dislocations and non-basal <a> 
dislocations that extend out of the basal plane, respectively.  Comparisons between the 
as-cast alloy and the cyclically deformed alloys indicate that the number of basal <a> 
dislocations clearly increased owing to cyclic loading, although no <c> and <c+a> 
dislocations were confirmed.   
Figures 8(a) and (b) show HAADF-STEM images of Mg85Zn6Y9 (Vf
LPSO
 = 100%) 
after 30 and 100 cycles, respectively.  In these low-magnification HAADF-STEM 
images, there are two characteristic dark contrast regions: a linear-shaped region and a 
slightly zigzag band region.  The former region corresponds to the 2H-Mg region, 
where the segregation of Zn and Y is much weaker than that in the 18R-LPSO region; 
this 2H-Mg region intrinsically forms during the solidification of the Mg85Zn6Y9 alloy.  
The latter region was not observed in as-cast alloys.  Therefore, the zigzag bands must 
be extrinsically induced by cyclic loading.  This means that the zigzag bands observed 
in this study are deformation-induced bands.   
To clarify the microstructure of the deformation-induced band region, TEM 
observation of cyclically loaded Mg85Zn6Y9 (Vf
LPSO
 = 100%) specimen after 30 cycles 
was performed.  The TEM image in Fig. 9 revealed that the growing direction of the 
deformation-induced band region is not parallel to the basal plane of the matrix phase 
and that the boundaries between the deformation-induced band region and the matrix 
regions have arbitrary angles to the basal planes.  Fast Fourier transformation (FFT) 
patterns obtained from the matrix region (Squares A and C in Fig. 9) show the matrix 
phase to be an 18R structure.  On the other hand, the FFT pattern obtained from the 
deformation-induced band region (Square B) reveals that the superlattice spots 
originating from the 18R structure disappear but the 0002 fundamental spots of the hcp 
structure remain.  EDS point analysis provided us with information on the chemical 
compositions of the matrix and deformation-induced band regions as shown in Fig. 10.  
It was confirmed that the count ratios of Zn and Y atoms to Mg atoms in the 
deformation-induced band region were clearly smaller than those in the matrix.  From 
the FFT result in Fig. 9 and the EDS spectra in Fig. 10, the crystal structure of the 
deformation-induced band regions should be different from 18R-LPSO structure of the 
matrix region.  These experimental results suggest that part of the 18R-LPSO matrix 
region may be transformed into other crystal structures, namely the hcp-Mg structure, 
accompanied by the exclusion of solute elements during cyclic loading.  In this paper, 
we designate this band as the deformation-induced solute-lean (DISL) band.   
While the formation mechanism of DISL bands has not been clear, the local 
temperature rise at highly strain localized region could lead to the diffusion of solute 
elements.  Both experimental and theoretical researches on the significant temperature 
rise at shear bands in bulk metallic glasses have been reported [35, 36] while the degree 
of temperature rise is still controversial [37]. 
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4. Discussion 
4.1 Changes in apparent stiffness during cyclic loading 
In Fig. 4(a), all the alloys exhibit cyclic softening at the tensile peak stress.  One 
possible reason for this cyclic softening is the formation of internal defects such as 
cracks.  To confirm the development of internal defects, changes in the apparent 
stiffness during unloading process were checked because stiffness should decrease as a 
result of the reduction of the effective cross section when defects were formed during 
cyclic loading [38].  Fig. 11 shows relationships between apparent stiffness and the 
number of cycles.  Here, apparent stiffness was measured as the slope of the linear 
region of stress-strain curves near the tensile peak stress immediately after unloading.  
Fig. 11 shows that apparent stiffness tends to increase with the volume fraction of the 
LPSO phase.  This relationship is reasonable because the 18R-LPSO phase has a 
higher Young’s modulus of 55 GPa (Tane et al. [39]) than that of the α-Mg phase of 45 
GPa (Simmons and Wang [40]).  Even though Fig. 11 shows slight scattering of 
apparent stiffness due to measurement errors, the changes in apparent stiffness during 
cyclic loading are negligible.  The constant apparent stiffness during cyclic loading 
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Fig. 11 Transitions of apparent stiffness during cyclic loading.  
suggests that the cyclic softening at the tensile peak stress during cyclic loading in Fig. 
4(a) should not be related to the evolution of defects.  Note that the comparison 
between high-resolution SEM images of the as-cast alloy and the specimen after cyclic 
loading also shows no clear differences in the distributions of defects.  While the DISL 
bands are developed during cyclic loading as shown in Figs. 8 and 9, the further studies 
are necessary to correlate the DISL bands to softening at the tensile peak stress. 
 
4.2 Quantitative evaluation of cyclic hardening behavior 
With the increase in the volume fraction of the LPSO phase, as shown in Fig. 4(b), 
the stress amplitude significantly increases during cyclic loading.  To quantitatively 
evaluate the cyclic hardening behavior from the macroscopic viewpoint, the amount of 
cyclic hardening is divided into the contributions of isotropic hardening and the change 
in the kinematic hardening with referring to previous works [41, 42].  Fig. 12 shows a 
schematic diagram of the elastic region σel and the movement of the center of the elastic 
region due to kinematic hardening.  Since isotropic hardening is generally defined by 
the expansion of the yield surface, the change in σel in Fig. 12 is used to describe 
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Fig. 12 Schematic diagram of definitions of elastic region σel and amount of kinematic hardening
σkne.
isotropic hardening in the present case of uniaxial cyclic loading.  Here, σel is 
measured as the linear stress-strain region within an offset plastic strain of 0.002% from 
the tensile peak stress.  On the other hand, the movement of the center of the yield 
surface is referred to as kinematic hardening which is frequently described by back 
stress.  While the transitions of kinematic hardening behavior are evaluated by back 
stress at the tensile or compressive peak stress in the previous study [42], the amplitude 
of the movement of the linear elastic region σkne, as shown in Fig. 12, is defined as the 
amount of kinematic hardening in the present study because the cyclic hardening 
behavior is asymmetric as shown in Figs. 3 and 4.  Here, the mean stresses of each 
elastic region on the tensile side and compressive side are used for the measurement of 
σkne.   
The solid lines in Figs. 13(a) and (b) show the transitions of the elastic region σel and 
the amount of kinematic hardening σkne during cyclic loading.  At the beginning of 
cycle loading, two-phase alloys such as Mg94Zn2Y4 (Vf
LPSO
 = 40%) and Mg92Zn3Y5 
(Vf
LPSO
 = 60%) have larger values of σkne, although the values are almost unchanged 
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Fig. 13 Contributions to cyclic hardening: transitions of (a) elastic region σel and (b) amount of
kinematic hardening σkne .
during cyclic loading for up to 100 cycles.  In contrast, the alloys with a larger volume 
fraction of the LPSO phase show increases in the value of σkne.  Figure 14(a) and (b) 
show the changes in the values of σel and σkne from the 1
st
 cycle, respectively.  In Fig. 
14(a), the alloys with 60% or more of the LPSO phase (Mg92Zn3Y5, Mg89Zn4Y7, 
Mg87Zn5Y8, and Mg85Zn6Y9) show slight isotropic hardening during cyclic loading, 
while the alloys with 40% or less of the LPSO phase (Mg99.2Zn0.2Y0.6, Mg97Zn1Y2, 
Mg94Zn2Y4) do not show clear isotropic hardening.  In Fig. 14(b), the amount of 
kinematic hardening in the alloys with more than 85% of the LPSO phase (Mg87Zn5Y8 
and Mg85Zn6Y9) significantly increases with increasing volume fraction of the LPSO 
phase, while the other alloys do not show clear trends.   
Similarly, the broken lines in Figs. 13 and 14 show the contributions of isotropic 
hardening and kinematic hardening in the cyclic hardening behavior after compressive 
preloading up to 200 or 250 MPa.  As shown in Fig. 13(a), the differences in the elastic 
region σel are slight during cyclic loading in the as-cast alloy and the samples after 
preloading, while the amount of kinematic hardening σkne significantly increases with 
the compressive preloading as shown in Fig. 13(b).  On the other hand, as shown in 
Fig. 14 Changes in (a) elastic region σel and (b) amount of kinematic hardening σkne .
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Fig. 14, the changes in the elastic region and the amount of kinematic hardening show 
no significant differences between the as-cast alloy and the samples after preloading.   
From the evaluations described above, it is confirmed that the amount of kinematic 
hardening in the LPSO phase significantly increases with both cyclic loading and 
compressive preloading.  Even after the significant increase in kinematic hardening 
due to compressive preloading, the amount of further cyclic hardening induced by 
kinematic hardening is the same as that in the as-cast alloy.   
 
4.3 Influence of microstructure evolution on cyclic hardening behavior 
Finally, based on the macroscopic deformation behavior and microscopic 
observations, the influence of the microstructure development on cyclic hardening 
behavior in the LPSO phase is considered in this section.   
Compressive preloading leads to the formation of kink bands, as shown in Fig. 6, and 
an increase in the amount of kinematic hardening as shown in Fig. 14(b).  Cyclic 
hardening leads to the formation of DISL bands, as shown in Figs. 8 and 9, and a 
significant increase in kinematic hardening as shown in Fig. 14(b).  These 
relationships suggest that the formation of deformation-induced bands such as kink 
bands and DISL bands could contribute to an increase in kinematic hardening.   
In recent studies on strain gradient crystal plasticity theory [43-45], it is suggested 
that the spatial gradient of geometrically necessary (GN) dislocations due to 
non-uniform plastic deformation is closely related to back stress.  Therefore, the kink 
bands in Figs. 6 (c) and (d) and the DISL bands observed in Figs. 8 and 9 may be a 
possible origin of the increase in the amount of kinematic hardening.  However, the 
quantitative relationship between non-uniformity and cyclic loading behavior remains 
unsolved problem to be investigated in the further studies.   
The amount of larger kinematic hardening for the two-phase alloys at the beginning of 
cyclic loading, as shown in Fig. 13(b), may have been caused for a similar reason.  
That is, the as-cast two-phase alloys consist of a soft α-Mg phase and a hard LPSO 
phase, which leads to non-uniform deformation even though they are in the as-cast state 
without any deformation-induced bands. 
   
5. Conclusions 
In this study, the strain-hardening behavior and microstructure development in as-cast 
Mg-Zn-Y alloys with various volume fractions of the LPSO phase subjected to cyclic 
loading were experimentally evaluated.  The main conclusions obtained from the 
experimental results were as follows: 
(1) As-cast Mg-Zn-Y alloys with the LPSO phase showed asymmetric cyclic hardening 
behavior.  While the tensile peak stress slightly decreases during cyclic loading, the 
absolute value of the compressive peak stress significantly increases.   
(2) The stress amplitude increases during cyclic loading in as-cast alloys with volume 
fractions of the LPSO phase of 60% or more.  With increasing volume fraction of the 
LPSO phase, the stress amplitude significantly increases.   
(3) As a result of compressive preloading up to 200 or 250 MPa, a number of kink 
bands are formed in Mg85Zn6Y9 (Vf
LPSO
 = 100%).  With compressive preloading, the 
stress amplitude during subsequent cyclic loading significantly increases.   
(4) The contribution of the increase in kinematic hardening to cyclic hardening is more 
significant in the alloys with a higher volume fraction of the LPSO phase.  
Compressive preloading increases the amount of kinematic hardening during 
subsequent cyclic loading.   
(5) After the tension-compression cyclic loading of Mg85Zn6Y9 (Vf
LPSO
 = 100%), a 
number of deformation-induced solute-lean bands are induced.  The crystal structure of 
these bands is clearly different from the 18R-LPSO structure of the matrix region, 
namely the hcp-Mg structure, accompanied by the exclusion of solute elements during 
cyclic loading.   
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Figure Captions 
Fig. 1 SEM back scattered electron (BSE) images of the microstructure of the as-cast 
(a) Mg99.2Zn0.2Y0.6, (b) Mg97Zn1Y2, (c) Mg94Zn2Y4, (d) Mg92Zn3Y5, (e) 
Mg89Zn4Y7, (f) Mg87Zn5Y8, and (g) Mg85Zn6Y9 alloys.  (h) The Mg-Zn-Y 
ternary diagram where compositions of each alloy are plotted. 
Fig. 2 Geometry of specimens with (a) gage diameter of 4 mm and (b) gage diameter of 
6 mm. 
Fig. 3 Stress-strain curves of (a) Mg99.2Zn0.2Y0.6, (b) Mg94Zn2Y4, and (c) Mg85Zn6Y9 at 
1
st
 and 100
th
 cycles obtained by cyclic loading. 
Fig. 4 Cyclic hardening behavior: (a) transitions of peak stress, (b) changes in stress 
amplitude. 
Fig. 5 Influence of compressive preloading on cyclic hardening behavior in 
Mg85Zn6Y9: (a) stress-relative strain curves and (b) transitions of peak stresses 
and stress amplitude.  
Fig. 6 Kernel average misorientation (KAM) maps of Mg85Zn6Y9: (a) as-cast, (b) after 
100 cycles, (c) after compressive preloading to 250 MPa, and (d) after 100 
cycles with preloading.  
Fig. 7 Dark-field images of dislocations observed with different reflection g-vectors in 
Mg85Zn6Y9 after 100 cycles: (a) g = 11-20 and (b) g = 00018. The observed 
beam direction is parallel to [10-10]. 
Fig. 8 HAADF-STEM images of Mg85Zn6Y9 after (a) 30 cycles and (b) 100 cycles. 
The observed beam direction is parallel to [10-10]. 
Fig. 9 TEM image of Mg85Zn6Y9 after 30 cycles and FFT patterns obtained from the 
square areas A, B, and C. The observed beam direction is parallel to [10-10]. 
Fig. 10 EDS spectra obtained within 18R-LPSO matrix and deformation-induced band 
region in Mg85Zn6Y9 after 30 cycles. 
Fig. 11 Transitions of apparent stiffness during cyclic loading.   
Fig. 12 Schematic diagram of definitions of elastic region σel and amount of kinematic 
hardening σkne. 
Fig. 13 Contributions to cyclic hardening: transitions of (a) elastic region σel and (b) 
amount of kinematic hardening σkne. 
Fig. 14 Changes in (a) elastic region σel and (b) amount of kinematic hardening σkne. 
 
